Introduction
The study of the solid skeleton of carbonaceous materials is as long standing as X-ray diffraction (XRD) [1] . Whilst the study of the evolution of the carbonaceous skeleton during processing has a somewhat shorter history [1] , it is still well developed for the case where the carbons and their precursors are heated in an inert atmosphere (i.e. in pyrolysis/carbonization and graphitization) (e.g. [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] ). Far less effort has, however, been directed towards elucidating the evolution of the skeleton when heating occurs in the presence of oxidizing gases (i.e. during gasification/activation processes), in stark contrast to the accompanying porosity change. There is now a growing realization that there are two sides to the gasification/activation story [18] [19] [20] [21] [22] : one must consider the evolution of the carbonaceous skeleton as well as the porosity that it defines in order to have a complete picture.
The earliest work concerned with elucidating the change in the solid skeleton of carbonaceous materials when heated under an oxidative environment appears to be that of Noda and Inagaki [23] , who compared XRD-derived quantities for carbons obtained from heating under inert and oxidative environments. Based on the graphitic crystallite model of Biscoe and Warren [2] , for the same heat treatment temperature, they found oxidative environments yielded crystallites with a greater number of layers and a smaller inter-layer spacing. They hypothesized this oxidative enhancement of 'graphitization' came from the oxygen removing more reactive cross-links between the graphitic crystallites in preference to the less reactive crystallites themselves, allowing them to then go on and grow, presumably through some rearrangement and fusion process akin to annealing.
Behavior similar to that seen by Noda and Inagaki was observed 25 years later by Levendis and Flagan [24] for a glassy carbon derived from furfuryl alcohol (FA), the material of particular focus in the study reported here. Although they offer up nothing new on the possible origins of this behavior, they do proffer support for it in the form of transmission electron microscopy (TEM) images of the carbon heat treated in nitrogen and air.
The next body of work in the field appears to have centered on understanding gasificationinduced densification, which was first posited when char particles were observed to shrink whilst being gasified under kinetically controlled conditions. This phenomenon was first alluded to by Johnson [18] (see also pg. 1524 of [25] ), who considered gasification of various 400-800 µm sized coal chars in hydrogen and steam at 35 bar and 1200 K. Hurt and co-workers [19] model that appears to capture the essentials of the hypothesis was able to reproduce experimentally observed changes in porosity [21] , reactivity [26] and thermal conductivity [27] with char conversion during gasification.
Further understanding of the change in the carbonaceous skeleton under oxidative conditions has come from some of the work focused on elucidating the underlying causes of char reactivity variation during coal gasification and combustion [28] [29] [30] [31] [32] [33] [34] [35] [36] . This work clearly shows that the nature of the change in extent of order in the skeleton with conversion is dependent on the char and the conditions it experiences: most of the studies demonstrated an increase in extent of order with conversion [28] [29] [30] [31] [32] [33] [34] [35] [36] , but others also saw a decrease [28, 35] or no change at all [34, 35] . The more recent work of Feng et al. [22] , however, raises the prospect that conclusions drawn from this prior work may be open to question if based solely on XRD analysis. As an indirect method, XRD is also not generally well placed to elucidate the underlying mechanism of the change in the carbonaceous skeleton. The use of multiple techniques together and/or more direct methods such as TEM is likely to be more fruitful.
A small number of the studies that have adopted a multi-technique or direct analysis approach to studying change in the carbonaceous skeleton with conversion have proposed mechanisms for the change. Based on the Oberlin basic structural unit (BSU) model [37] , which is akin to the graphitic microcrystallite model [2] , and their assembly into regions of local molecular orientation (LMO) [6] , Rouzaud et al. [20] used quantitative TEM of petroleum coke at various levels of conversion from steam gasification at 950°C to propose that, except at high conversions, regions of LMO of intermediate size (10-100 nm)
were preferentially consumed over the larger and smaller regions of LMO. They attributed this behavior to a balance between the accessibility of the oxidant to the solid atoms, which increases with the extent of LMO, and their reactivity, which decreases with the LMO extent. However, more recent studies involving coal chars [36] and coke [38] argue that the smallest graphitic crystallites are preferentially consumed, leaving behind the larger crystallites, which can be equated to all but the smallest of Oberlin's regions of LMO. Beyond this earlier work, some studies [33, 36, 38] support the earlier hypothesis [19, 21, 23 ] that disordered carbon is preferentially consumed. They, on the other hand, offer mixed support for the previously hypothesized notion [18, 19, 21, 23 ] that removal of the more reactive carbon allows the remainder to go on and anneal -Tran et al. [38] ruled this possibility out, claiming that the more ordered carbon already existed in their precursor (coke), whilst Sharma et al. [33] argued that the ordered structures did not initially exist in their coal char but formed through an oxidative-assisted annealing process.
To a significant extent, the current modest understanding of the fundamentals of carbon skeleton evolution under oxidative environments arises out of the limitations of the various experimental techniques and approaches used to date. In the case of the most common XRD-based analysis, the most fundamental concern is its reliance on the view that carbons are composed of nanoscale graphitic crystallites, something that has been questioned many times [39] , most recently with the support of unprecedented TEM images that demonstrate the skeleton of activated carbons contain 5-and 7-membered rings and associated curvature [40, 41] . Even if the crystallite model were to be accepted, many of these XRD analyses assume line broadening in the diffraction patterns is due to just one or two origins, omitting many others [39] . The exception to this is the approach of Shi et al. [42] , but this is far more difficult to apply and does not appear to be always reliable [22] . An alternative to these graphitic crystallite-based approaches is radial distribution function (RDF) analysis [1] . This approach has the advantage that it is not dependent on a specific model of the carbon skeleton. The quality of RDF analysis is, however, strongly constrained by the quality of the scattering data and its treatment [43] . Its capacity to elucidate the atomic structure of noncrystalline materials like those of interest here is also limited to short length scales; just a few bond lengths.
The more direct nature of TEM means it does not carry the various concerns that accompany XRD.
However, quantification of TEM images, which is essential to more objective analysis of carbon structure and its evolution, is also not without problems. For example, no matter how good the microscope, the projection of even very thin (e.g. 2 nm) volumes of disordered materials on to planes as done in TEM can yield fringes that are suggestive of order that does not in fact exist [44] .
Beyond these imaging issues, if quantification is attempted, it requires various image processing
operations that are open to uncertainty. Even if these operations were perfect, however, it does not provide a capacity to determine an absolute fraction of, for example, ordered and disordered material as the nature of the areas of a micrograph that contain no fringes is unknown -they could be solid that is simply not visible under the imaging conditions or true voids [34] . TEM images suitable for quantitative analysis also, of course, run the risk of being less than representative of the bulk material because they are only a few 10s of nm in size and limited to very thin regions of material [44] . Whilst the first of these approaches has been widely used to study carbon structure, the other two have to date not been applied to nanoporous carbons as far as we are aware. Despite this, they have much to offer here. FEM [45] uses spatially resolved electron nanodiffraction data from a large nanoscale area (e.g. 30×30 nm 2 ) to probe the so-called medium-range (5-30 Å) order (MRO) of the solid structure, well beyond that which can be explicitly elucidated by XRD or selected area electron diffraction (SAED). It has been successfully used to study MRO in a range of materials [45] , including amorphous carbon films [46, 47] , and graphitic carbons [48] Here we report the use of TEM, FEM and EELS-SI together with synchrotron-based XRD analysis to study the change in the structure of a nanoporous carbon at three points along the activation pathway -at the start, around 45% conversion, and approximately halfway inbetween (around 25% conversion). As far as we are aware, this is the first time that such a multitechnique approach has been used to elucidate the change in the skeleton of a nanoporous carbon when exposed to an oxidative environment.
Experimental Details

Carbon material
In order to reduce as much as possible experimental uncertainties, the carbon studied here was derived from a furfuryl alcohol (FA) precursor using a carefully controlled process.
The full details of the synthesis process may be found elsewhere [54] Previous work by us [54, 56] has demonstrated that both the porosity and chemistry, a summary of which may be found in Fig. 1 and Table 1 , is homogeneous within the particles.
Fig. 1. Porosity characterisation of carbons C0
(solid line), C25O 2 (broken line) and C45O 2 (dotted line): (a) N 2 adsorption isotherms at 77K; and (b) pore size distributions from the isotherms using QSDFT method [57] . The quality of the PSD for the C0 carbon is modest due to the low number of points determined for the isotherm, which resulted from the very long (~1 week) equilibration time required for each point. 
Characterization of carbon skeleton
The carbonaceous skeleton of the three carbons along the activation pathway were each characterized by four methods, details of which follow below.
Synchrotron-based XRD analysis
X-ray powder diffraction experiments were sample. More detailed instrumental information can be found elsewhere [61] .
The raw data for all the carbons and their corresponding empty capillaries were collected in the terms of intensity, I, versus scattering angle for the range 0.5° < 2θ < 120°; each pattern was obtained using an exposure period of 1800 s. This raw data was then processed using the PDFgetX2 software [62] . Firstly, the pattern for the blank In RDF analysis, ρ(r), which gives the atomic number density at a radius r from a central atom, was evaluated using [43] 
where 0 is the average atomic number density of the scattering volume, which is well estimated by the carbon skeleton density for the range of ( ) considered here (i.e. for r < 4Å), and G(r) is the reduced pair distribution function (PDF) obtained
where S(k) is the total structure factor that can be obtained from the corrected intensity function [43] , and k max and k min correspond to the two extremes of the 2θ range probed by XRD.
The first of the peaks in the ρ(r) is related to the atoms that are the nearest neighbors to the central atom. The average number of such nearestneighbor atoms was obtained from the area under this peak, which is given by [43] 
where the integration limits are defined from the G(r) [43] .
The angle subtended by the two bonds connecting the central, first and second neighbouring atoms, ϕ, was obtained from the simple geometric
where B 12 is the bond length between the first and second atoms, and B 23 its counterpart between the second and third atoms, which can be estimated by the radial positions of the first and second peaks in the ρ(r) respectively.
Carbon skeleton and bulk densities
A number of techniques have been used in the past to estimate the solid skeleton density, , of nanoporous carbons, including mercury porosimetry [63] (e.g. [64] ), He pycnometry [63] (e.g. [13] ), analysis of the small-r region of the PDF [43] (e.g. [65] ), and from small-angle X-ray scattering (SAXS) [66, 67] . The first of these approaches is unsuitable as it cannot probe the micropores that dominate the PFA-based carbons considered here [63] . The third approach is also unsuitable due to the limited k range used here, which lead to excessive termination ripples at small-r [43] (indeed, even Dmowski et al. [65] observed significant uncertainty in the skeleton density of a nanoporous carbon when using this approach despite their scattering vector range being some 2.75 times greater than that used here). Whilst SAXS, unlike all the other methods, has the advantage of including the inaccessible porosity in the density evaluation, it was not readily available to us. Helium pycnometry was, therefore, used to determine the carbon skeleton density. The pycnometry was undertaken using helium at 40°C. The pressure measurements were undertaken using a BELSORP-max gas sorption analyser (BEL, Japan). Especial care was made to ensure the system and sample temperature remained constant during the pycnometry analysis, as this can be a significant source of error. The densities for each carbon sample and the associated uncertainty were determined using results from a dozen repeat measurements for each carbon. The uncertainty in the densities is estimated to be ±0.01 g/cm 3 , equal to ±0.5 atoms/nm 3 or around ±0.5% relative error.
The bulk density, , of the carbon materials were estimated here using the expression [63]
where the micropore volume, , was assumed to be equal to that determined using the nitrogen loading at 77 K and P/P 0 = 0.995 and a liquid density equal to the bulk density, 0.808 g/cm 3 .
EELS-SI
The EELS-SI technique and the results it produces are illustrated in 
where is the integrated intensity for the ∈ { * , * } features, and the reference intensities used here were obtained from a highly-oriented pyrolytic graphite (HOPG) material (NT-MDT, Russia) known to contain only sp 2 carbon.
Fig. 2. Schematic of the EELS-SI technique and the results obtained from it:
(a) an annular dark-field (ADF) STEM image is used to select an area for scanning; (b) a sub-nanometre focused electron beam is scanned in O(1) nm steps across the selected area, with an individual EEL spectrum being collected at each step using an EEL spectrometer composed of an electron prism, lenses and charge-coupled-device (CCD) camera; (c) an individual spectrum from one step in the scan illustrating the integration windows for the π * and π * + σ * regions; (d) the 100 × 2 (i.e. % sp 2 ) map over the scanned area obtained using Eq. 8 with each individual spectrum.
There are two major approaches to determining the integrated intensities of the π * and σ * features in the carbon K-edge core-loss spectrum, namely:
2-window integration [52] and peak fitting [53] .In the latter approach, it is important to ensure: (a) the peak positions and line shapes steps, giving a total of 900 spatially resolved spectra per sample. The spectra were collected using a Gatan Tridiem 863P image filter in spectroscopy mode (the EEL spectrometer in Fig.   2 ). Magic angle conditions (convergence semiangle α = 2.7 mrad and collection semi-angle β = 2.7 mrad) were employed to suppress changes to the fine structure in the carbon K-edge due to the anisotropic graphitic structure and allow accurate sp 2 fraction estimation [71] . The spectra resolution was determined to be around 0.7 eV by measuring the FWHM of the zero-loss peak collected in vacuum (no sample exposed to the electron probe). The background was subtracted from each carbon K-edge core-loss spectrum by using a fitted power-law distribution function.
Further multiple scattering effects were removed by using the Fourier ratio method [72] .
Nanodiffraction and FEM
The FEM technique in STEM mode [73] and the results it produces are illustrated in Fig. 3 . Briefly, spatially resolved electron diffraction patterns are obtained for the sample by scanning a nanometresized focused probe over a selected nanoscale area in sub-nanometer sized steps as illustrated in This can in turn be used as a basis for evaluating the normalized intensity variance, ( ), as per
This gives the variation in diffracted intensity into each scattering vector from area to area. Finally, both the average diffracted intensity and normalized intensity variance can be azimuthally averaged to yield their one-dimensional counterparts. 
······ ······
Area selected
Average [73] . The error in the normalized intensity variance was calculated as the standard error from the four scanned areas.
Results and Discussion
Carbon skeleton density
The carbon skeleton and bulk densities for the three carbon materials, and respectively, are given in Table 2 . The skeleton density for the C0 material is consistent with that obtained previously by others for a PFA-based carbon obtained using a carbonization temperature of 800°C [13] . The increasing trend of the skeleton density with conversion seen here is in line with that observed by Burket et al. [17] . Although the density of their unactivated material is around 10% greater than here, likely due to the different preparation conditions, the increase they saw thereafter is roughly commensurate with what was seen here: 8% up to 25% conversion here compared to their 10%, and 16% up to 45% conversion for both studies. The approach of the skeleton density to ~93% that of graphite (110 atoms/nm 3 ) is also in line with the observations of Burket et al. [17] . Given that at 45% conversion the carbon is unlikely to contain significant closed porosity, this provides some support for the notion that the skeleton has experienced densification during oxidation.
The bulk densities are smaller than the skeleton density, especially in the activated materials, commensurate with their highly porous nature.
The decrease in the bulk density with conversion is, of course, in line with the increase in porosity and skeleton density as per Eq. 7. deviations from graphene, which we will explore in more detail in the following.
XRD analysis
All three carbons possess a peak in the ρ(r) that is centred around 1.42 Å, which is commensurate with the C-C bond in a six-membered ring as illustrated in Fig. 5(a) . The nearest neighbour coordination number, N 1 , obtained from applying Eq. 5 to this peak is given in Table 4 for the Table 4 ).
The broadness of the first peak in Fig. 4(b) , which is shown in Table 4 in the form of its FWHM, is some 2-3 times that of HOPG [65] . This indicates the presence of some non-graphenic (i.e. defective) carbon. The uncertainty in the FWHM is, unfortunately, too great to claim anything definitive from its reduction with activation.
However, it possibly suggests the amount of non- Assuming the widths of these two peaks reflect, in part, distortion of the graphenic structure, Table 4 shows that this angle takes on a range of values that is invariant with activation and in line with those obtained from Reverse Monte Carlo simulation of nanoporous carbons [80] [81] [82] .
Of all the peaks that are clearly related to the graphenic structure, the third is most distorted from that expected for a perfect graphene sheet, with its peak being around 0.05 Å higher than the ideal. This cannot be linked to in-plane defects such as those shown in Fig. 5 non-graphitizing carbons [13, 65] and even coals [85] . Interestingly, the first of these features is absent from the C0 carbon but develops during activation. This suggests it may have something to do with the introduction of heteroatoms, most likely oxygen, whose concentration rises significantly during activation as shown in Table   1 . Moving on, although the fourth peak in the ρ(r)
is located around that of the interlayer spacing of graphite (3.36 Å), it is highly unlikely to be due to such layering given the disordered nature of the carbon. Instead we propose this peak most likely arises from the presence of heptagon defects like that shown in Fig it is unlikely to be the main contributor to this feature, but may be a minor part of it), whilst the second is firmly in the body of the fifth peak. The second major feature in the spectra, which is centred at around 292 eV, is associated with the 1s-σ* excitation, with Zhang et al. [53] specifically linking it to the C−C carbons.
EELS-SI
Inspection of the normalised spectra shows that whilst it is a weak feature in the unactivated char, it grows steadily along the activation pathway into a distinct peak, in line with observations for graphitization under inert environments [53] . A similar development of this peak was also
correlated with increased graphitization in TiCbased carbons [86] .
The penultimate major feature in the spectra is the broad hump that roughly spans the energy loss range of 295-315 eV. This feature is not immediately apparent in the normalized HOPG spectrum, Fig. 7(b) , although it may possibly be related to some of the fine features that appear in the graphite spectrum in this energy range. Based on carbon K-ionization edge spectra for gaseous molecules, Zhang et al. [53] specifically link this feature to the 1s-σ* excitation for C=C carbons.
This interpretation should, however, be viewed with some caution as Fig. 7(b) shows that, unlike its much narrower C-C counterpart and the π* peak, it does not change markedly along the activation pathway.
The final feature in the EELS spectra is the broad peak centered at around 328 eV, which others Table 5 , are comparable with the fractions obtained for other carbons obtained at similar temperatures [52, 53] . carbons, which are shown in Fig. 8(c) and (d) respectively, clearly shows that the fraction of sp carbon and its spatial correlation increases along the activation pathway -in other words, the activation processes induces an increase in order at both the microscale and mesoscale. The former is confirmed in Fig. 9(b) and Table 5 , which
shows an up-shift in the sp 2 distribution along the activation pathway, albeit by only ~1% at 25% conversion accelerating to 3% at 45% conversion; statistical analysis [87] confirms these changes in the distributions are real with 99.99% confidence. This increased ordering may take the form of an increased number density, size or internal order of the regions with correlated structure. Fig. 11 . FEM results for the C0 (blue) and C45O 2 (red) carbons: (a) azimuthally-averaged electron nanodiffraction pattern; and (b) azimuthallyaveraged intensity variance, Eq. 9. The patterns are based on 3600 separate nanodiffraction patterns each obtained for a 0.5×0.5 nm 2 area within the total scanned area (see Fig. 3 ) . 
TEM, Nanodiffraction and FEM
Conclusions
The change in the solid skeleton along the pathway of a carbon activation process was studied using helium pycnometry, synchrotron- This report demonstrates some of the potential of EELS-SI, and FEM in the study of nanoporous carbons. In the future we will look to extend the work here to obtain greater quantitative understanding of the growth of in-plane order.
We will also look to use the variance derived in FEM -which captures four-body correlation effects -in Virtual Porous Carbon models. The XRD experiments were undertaken on the powder diffraction beam line at the Australian Synchrotron, Victoria, Australia.
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